Cytomegalovirus (CMV) infection is the most common cause of congenital infection in the developed world, occurring in 1% of all liveborns. Symptomatic disease occurs in 10% of all congenitally infected infants, resulting in a spectrum of clinical manifestations that include microcephaly, chorioretinitis, hepatosplenomegaly and sensorineural hearing loss, among others. Even those children who are asymptomatic at birth have a risk of hearing loss, with 8% experiencing this sequela. Overall, congenital CMV infection accounts for one-third of all cases of sensorineural hearing loss. The economic burden of disease exceeds $2 billion annually in the USA. Therefore, this infection has been the target for antiviral therapy. Studies performed by the National Institute of Allergy and Infectious Diseases Collaborative Antiviral Study Group (CASG) have evaluated ganciclovir for the treatment of symptomatic congenital CMV infection with central nervous system involvement. In a randomized, controlled clinical trial of ganciclovir treatment (6 mg/kg iv every 12 h for 6 weeks) brainstem-evoked responses were utilized as the primary endpoint and demonstrated stabilization of hearing both at 6 months and >1 year. Treatment was associated with neutropenia in over 60% of treated patients. Since ganciclovir must be given intravenously, studies with its prodrug, valganciclovir, have been performed to assess pharmacokinetics and pharmacodynamics. Currently, a clinical trial of 6 weeks versus 6 months of valganciclovir is being performed by the CASG. Notably, only intravenous ganciclovir and orally administered valganciclovir have been used to treat congenital CMV infection. Hopefully, other drugs such as maribavir will be available for evaluation in this population.
Background
Cytomegalovirus (CMV) is the most common congenital infection of the developed world, affecting $1% of all infants born in the USA and slightly less of all infants born worldwide. It is the leading viral cause of mental retardation and the most frequent non-hereditary cause of sensorineural hearing loss worldwide. CMV is the largest and most complex member of the herpesvirus family that infects humans, 1 named for its cytopathic effect of producing enlarged cells with intranuclear and cytoplasmic inclusions, which often give the cells their classic 'owl's eye' appearance. While these cytomegalic cells were first discovered in the kidneys 2 of stillborn infants and, subsequently, in parotid glands, 3 they can be found in virtually every cell type of humans. 4 -9 In vitro, CMV most readily infects human fibroblasts, with less affinity for other cell types. In contrast, human infection results in viral replication in a wide variety of cells. 10 
Epidemiology
Human CMV is highly species-specific, with humans being the only host. Furthermore, CMV has been found in every human population tested. 11 -13 The prevalence of infection is greater in developing countries and among lower socioeconomic groups of developed countries. 14 Overall, the seroprevalence of infection varies between 65% and 90% among middle age adults in the USA, where primary CMV infection during pregnancy occurs in 2% of women of childbearing age who are in middle-to-higher socioeconomic groups and in 6% of women who are of lower socioeconomic background. 15 Crowded living conditions, poor sanitation, sexual practices and increased exposure to infants and children all contribute to increasing rates of infection and a higher seroprevalence. Virus can be isolated from urine, saliva, cervical and vaginal secretions, semen, breast milk, tears, blood products and transplanted organs. 16 -20 Thus, close contact, allowing for direct or indirect person-to-person contact, spreads the infection.
Congenital infection
Newborn infection occurs as the consequence of one of three routes of transmission: (i) intrauterine; (ii) intrapartum; and (iii) post-natal (breast milk acquisition). Intrauterine infection is usually the result of a susceptible woman acquiring infection from a child in the family or day care environment early during her gestation. 21 Infection of women both immediately prior to and during pregnancy produces a risk of congenital CMV infection. 22, 23 In utero transmission occurs secondary to primary maternal infection, as is the case with toxoplasmosis and rubella, and also in recurrent infections, including reinfection with a different strain of the virus 24 or reactivation of the latent virus. 25 Testing women for CMV during pregnancy is not helpful because a large percentage of women shed the virus during pregnancy and yet have infants who do not develop congenital infection.
Infants and children are important sources for the spread of CMV. Indeed, most CMV infection during pregnancy derives from maternal exposure to children and infants who are infected with the virus. Multiple studies in Sweden and the USA have shown that the rate of CMV infection is much higher in children who attend day care than those who do not. 26 -31 Many initially seronegative children become infected with CMV from their day care peers. CMV infection, then, is transmitted horizontally from child to child, most likely through the spread of saliva on hands and toys. 32, 33 These children then excrete large amounts of CMV for extended periods of time, exposing parents and other caregivers who may become pregnant.
The amount of maternal shedding of virus directly correlates with the risk of perinatal infection. Infected breast milk and exposure to CMV in the genital tract lead to high rates of peripartum and post-natal CMV transmission. 19 Infants who breast feed from CMV-seropositive women have an estimated rate of infection between 39% and 59%. 16, 34 The risk is greater when the maternal viral load is higher than 7Â10 3 genome equivalents/mL. Excretion of the virus in breast milk is greatest between 2 weeks and 2 months post-partum. Infected infants usually begin to excrete CMV between 3 weeks and 3 months after birth. Many of these infants excrete CMV chronically (for years), providing an opportunity to infect caretakers or others in contact with these children.
Though most infants contract CMV congenitally or perinatally, nosocomial infection is also an important source of CMV infection for infants. CMV infection should be considered as a risk after blood transfusion and organ transplantation. 35 -40 CMV can cause life-threatening infections in premature neonates and in haematopoietic stem cell transplant recipients. 41 -43 CMV in transfused blood can also cause serious illness in infants who are born to seronegative mothers and, therefore, do not have the protective antibodies directed against the virus.
Clinical presentation
Only 10% of all infants born in the USA with congenital CMV infection have symptomatic disease at birth. 1 Thus, $90% of infected children have no evidence of clinical disease. While these children generally have a better prognosis than the symptomatic children, they are at risk for hearing loss; thus, the impact of infection on their health and development is not insignificant.
Hearing loss is the most significant developmental abnormality in children with asymptomatic infection. One study found hearing loss in 7.2% of patients with asymptomatic infection. 44 In 50% of these children, the hearing loss was bilateral, and in 50%, it was progressive. The median age at first progression of hearing loss was 18 months. Eighteen percent of children had delayed onset of sensorineural hearing loss, with the median age of detection at 27 months.
Cumulative data suggest that CMV infection causes at least one-third of sensorineural hearing loss in young children. 45 -47 Thus, universal neonatal screening for hearing loss will miss the significant proportion of CMV-associated hearing loss that develops over time and, as such, newborn hearing screening cannot completely detect all sensorineural hearing loss in children.
In contrast to asymptomatically infected babies, CMV-infected neonates who are born with signs of infection ('symptomatic congenital CMV disease') often have dramatic presentations. Babies with symptomatic congenital CMV disease can have sensorineural hearing loss, microcephaly, motor defects, mental retardation, chorioretinitis and dental defects. The signs and symptoms of congenital CMV infection and their frequency have been recently reviewed. 67 Roughly, half of the infants with symptoms of infection at birth have generalized CMV that involves many organ systems. 48, 49 The most strikingly affected are the central nervous system (CNS) and the reticuloendothelial system. Patients with generalized congenital CMV infection most commonly present with hepatomegaly, splenomegaly, microcephaly, jaundice and petechiae. 49 Thirty percent of patients with severe disease die of multiorgan dysfunction. 50 Hepatomegaly and splenomegaly are the most common findings on physical examination in neonates with symptomatic congenital CMV. 51 Splenomegaly may be the only sign of infection, but is common to all congenital infections. 48, 51 Hepatomegaly may be striking at birth, but is also relatively non-specific and usually resolves after $1 year of age. Cutaneous manifestations of congenital CMV infection include jaundice and a generalized petechial rash. Jaundice from CMV can sometimes be distinguished from physiological jaundice because it can begin on the first day of life and usually lasts longer than physiological jaundice. 48, 51 Fortunately, about half of the total bilirubin is the direct bilirubin component so, while total levels may be high, it is unusual for the indirect component to be high enough for exchange transfusion.
The generalized petechial rash of CMV is caused by thrombocytopenia. 51, 52 Platelet counts vary widely but usually range from 20000 to 60 000 platelets/mm 3 , though even patients with normal platelet counts can have petechiae. The petechial rash develops within a few hours of birth and persists for 48 h to a few weeks after birth. The rash is also caused in part by the prolongation of normal fetal extramedullary haematopoiesis.
Microcephaly affected about one-half of all surviving patients with congenital CMV in one study, as defined as head circumference less than the 5th percentile for age or gestational age. 48 Microcephaly has been found to be the most specific predictor of mental retardation. Mental retardation can also be predicted by the presence of intracranial calcifications, which predict at least moderate and probably severe mental retardation.
Congenital CMV infection also involves the eye. Chorioretinitis, strabismus and optic atrophy are the most common abnormalities. 48, 51, 53 About 14% of patients with symptomatic congenital CMV have some degree of chorioretinitis. 48, 53 The central retinal lesions of CMV cannot be distinguished clinically from those of toxoplasmosis. 53, 54 Eye disease can often appear as strabismus prompting closer examination of the eye. Unlike congenital toxoplasma infection, however, the retinitis caused by CMV does not progress. 53 Very few children with symptomatic congenital CMV survive with normal intellect and hearing. One or more handicaps occur in almost 90% of the patients who survive with symptomatic congenital CMV infection. 48 Seventy percent of children with symptomatic infection have psychomotor retardation, usually accompanied by neurological complications and microcephaly. Hearing loss occurs in 50% of patients, with bilateral hearing loss in 67% and progressive hearing loss in 54%. Low IQ is associated with microcephaly at birth, development of neurological problems within the first year of life, ocular lesions and microcephaly that becomes apparent after birth. 1 Abnormal computed tomography (CT) scan findings within the first month of life seem to be the best predictor of adverse neurodevelopmental outcomes. 55 CT scan findings are abnormal in 70% of symptomatic children, with the most common abnormality being intracerebral calcifications. One study interpreted CT scan data from 56 children with symptomatic CMV infection and reported that only 29% of children with a normal study developed at least one neurological sequela. In contrast, almost 90% of children with abnormal studies had at least one neurological abnormality. Fifty-nine percent of children with abnormal studies had an IQ of ,70, when compared with only one child with a normal CT scan.
CMV infection causes distinct CNS disease when it is acquired congenitally. 1 CNS disease is often an on-going process, causing progressive changes for years after birth. 44, 48, 54, 56, 57 Infection can cause structural changes within the CNS such as periventricular calcifications, ventriculomegaly and loss of grey -white matter differentiation. 55, 58, 59 There is often loss of normal brain architecture with loss of normal radial neuronal migration. 60 Cerebrospinal fluid findings in infected infants generally reveal increased protein and white cells. Autopsy results reveal inflammatory infiltrates within the brain parenchyma. 59 These changes vary widely with age of gestation at time of infection or reactivation of the virus. They also vary greatly in the degree of disability they cause the patients.
Therapeutics and clinical trials
Currently, there are four licensed drugs for the systemic treatment of CMV infection: ganciclovir, valganciclovir (oral prodrug of ganciclovir), cidofovir and foscarnet. In addition, fomivirisen is licensed for intravitreal administration to treat CMV retinitis in patients with AIDS. Ganciclovir is phosphorylated by UL97, a kinase unique to CMV replication. Ganciclovir and valganciclovir are the only two medications that have been employed in the treatment of congenital CMV infection to date, and are the focus of our review.
The National Institute of Allergy and Infectious Diseases Collaborative Antiviral Study Group (CASG) conducted a pharmacokinetic -pharmacodynamic study that established the safe dose of intravenous ganciclovir to be administered to infected infants. 61 This was followed by a Phase III randomized controlled study to determine the effects of ganciclovir therapy on hearing in the treatment of symptomatic congenital CMV disease involving the CNS. 62 In this Phase III study, 100 neonates, all ,1 month of age, with symptomatic congenital CMV involving the CNS, as defined by microcephaly, intracranial calcifications, abnormal cerebrospinal fluid for age, chorioretinitis and/or hearing deficits with confirmed isolation of CMV form a urine specimen, were enrolled after parental consent. Infected newborns were randomized to receive either ganciclovir or no therapy. The patients in the ganciclovir treatment arm received 6 mg/kg per dose intravenously every 12 h for 6 weeks. The primary endpoint was brainstem-evoked response (BSER) audiometry improvement between baseline and 6 month follow-up, or for those with normal hearing at baseline, preservation of normal hearing at 6 months. Secondary endpoints included laboratory and clinical improvement, rate of growth and death.
At the outset, it should be recognized that the loss to follow-up rate was high and, therefore, denominators for each parameter vary. However, rigorous evaluation of drops indicated lack of bias in analyses. Twenty-one (84%) of 25 infants who were treated with ganciclovir and completed the study had hearing improvement or continued normal hearing at 6 months, compared with 10 (59%) of 17 patients in the group who received no treatment (P ¼ 0.06). At 6 month follow-up, none (0/25) of the ganciclovir recipients had hearing deterioration, while 7 (41%) of control patients did (P, 0.01). Forty-three patients were followed and had BSER audiometry at 1 year of age or greater. Of these, 5 of 24 (21%) who had received ganciclovir had hearing deterioration in the best ear, compared with 13 of 19 (68%) of those in the control group (P, 0.01).
Secondary outcomes showed significant short-term improvements in weight gain and head circumference in patients who were treated compared with controls. The treated group also had more rapid resolution of their liver function abnormalities. Patients who were treated and those who were not showed similar rates of resolution of hepatosplenomegaly and CMV retinitis.
The primary toxicity of ganciclovir, as shown in the previous study, was neutropenia. Twenty-nine (63%) of 46 patients who received ganciclovir developed moderate-to-severe neutropenia, compared with 21% of patients in the control group (P, 0.01). Of these 29, 14 (48%) required dosage adjustments and 4 (14%) had the drug permanently discontinued.
This study demonstrates that 6 weeks of intravenous ganciclovir therapy prevents best-ear hearing deterioration during early childhood in patients with symptomatic congenital CMV affecting the CNS. However, the use of ganciclovir should be limited to those children with symptomatic disease, since the medication is mutagenic, teratogenic and carcinogenic. 63 Ganciclovir shows great promise for prevention of poor outcomes from congenital CMV infection, but is difficult to administer because of the requirement of an intravenous infusion. Thus, the administration of valganciclovir, the oral prodrug of ganciclovir, in the treatment of neonates with congenital CMV disease is being explored. Kimberlin and colleagues 64, 65 evaluated 24 neonates receiving 6 weeks of therapy with either intravenous ganciclovir or oral valganciclovir. The aim of the study was to assess the population pharmacokinetics of a pharmaceutical-grade oral valganciclovir solution to identify a dose that provided ganciclovir exposure comparable to the administration of intravenous ganciclovir in neonates with symptomatic congenital CMV disease. The study found that a 6 mg/kg intravenous ganciclovir dose and 16 mg/kg oral valganciclovir provide similar systemic exposures to ganciclovir. In addition, the pharmacodynamic analyses showed a median decrease in viral load of 0.7 log viral DNA copies/mL, in patients overall. Those who had the highest viral loads (.6 log viral DNA copies/mL) experienced greater decline in the viral load than those with lower baseline viral loads. Toxicity of valganciclovir is similar to that of ganciclovir with 38% of subjects developing moderate or severe neutropenia. Though results using pharmaceutical-grade valganciclovir cannot be extrapolated to pharmacy-generated formulations, these findings suggest that the oral valganciclovir solution may be a viable option for the treatment of symptomatic congenital CMV infection. Currently, the CASG is performing a controlled clinical trial of 6 weeks versus 6 months of valganciclovir therapy to determine whether a longer duration of treatment results in enhanced hearing and developmental benefits.
Unmet medical needs
Treatment of symptomatic congenital CMV improves audiological outcome. At this time, ganciclovir and its prodrug valganciclovir are the two medications that have been shown to be effective in the treatment of neonates with this common disease. Their use is limited by the potential for toxicity, namely induction of neutropenia, which can be particularly dangerous in neonates who are potentially more susceptible than uninfected or asymptomatic counterparts because of prematurity, residence in intensive care units and, in the case of ganciclovir, the risks of indwelling catheters for drug infusion. Maribavir, a benzimidazole L-riboside whose mechanism of activity has been mapped to the viral protein products of UL97 and UL27, may provide a new option for the treatment of congenital CMV disease. 67 Because maribavir does not need to be phosphorylated by UL97 kinase, as does ganciclovir, it has potential to be useful in the treatment of ganciclovirresistant strains of CMV. Maribavir has undergone several Phase I and II studies in haematopoietic stem cell transplant recipients and, unlike ganciclovir, is not associated with nephrotoxicity or haematological toxicities. Phase III trials have begun in adult patients who have received stem cell and solid organ transplants. Maribavir may provide an alternative with less toxicity than existing medications in the treatment of congenital CMV infection.
Ultimately, CMV-associated hearing loss occurs in the vastly larger numbers of asymptomatically infected babies than in the symptomatic group. However, antiviral drugs with improved toxicity profiles are required in order to justify the risk versus benefit of treatment. In addition to maribavir, other medications with CMV activity and favourable safety profiles are needed in order to achieve maximum therapeutic benefit in this potentially devastating disease.
Conceivably, new medications with alternative mechanisms of action may well lead to combination therapies as are employed in the management of AIDS.
Conclusions
Congenital CMV infection remains an important cause of neonatal morbidity and mortality and continues to greatly impact the futures of both those who are symptomatic and asymptomatic at birth. Ganciclovir and valganciclovir provide effective reduction in hearing loss and improvement in development of those treated at birth. These are not perfect drugs, however, as their use is limited by their toxicities and their inability to cure patients of the disease. Future developments of treatments such as maribavir are beneficial, but more research and development can be done to continue to improve the lives of infants who are congenitally infected with CMV.
